Cortical tissue surrounding acute ischemic in farcts undergoes repetitive spontaneous depolarizations. It is unknown whether these events are episodes of spreading depression (SD) elicited by the elevated inter stitial K + ([K + ]e) in the ischemic core or whether they are evoked by transient decreases of the local blood flow. Electrophysiologically, depolarization caused by SD or by ischemia (ID) can be distinguished by their character istic patterns of [K +]e rise: During SD, [K +]e rises abruptly, while in ID, this fast rate of increase is preceded by a slow rate lasting minutes. To characterize the depo larizations, we occluded the right middle cerebral artery (MCA) in rats and inserted two K + -sensitive microelec trodes into the cortex surrounding the evolving infarct.
Spreading depression (SD) was originally de scribed by Leao (1944) as a stereotyped response of the cerebral cortex to a variety of noxious influ ences. It is characterized by a reversible and tran sient silence of electrical activity caused by neuro nal depolarization (Leao, 195 1) . Experimentally SD is elicited when a critical mass of cortical tissue is depolarized, for example, by K + or by the excit atory amino acid glutamate (Bures et aI., 1974) . SD spreads like a wave from its site of origin at a rela-characteristic of ID. The remaining two-thirds exhibited a steep monotonic increase in [K + le « 10 s), characteristic of SD. The duration of the transients was a function of the pattern of [K +]e increase: ID-like transients lasted an av erage 10.7 ± 5.1 min, whereas the duration of SD-like transients was 5.7 ± 3.4 min. Both types of K + transients occurred in an apparently random fashion in individual animals. A K + transient was never observed solely at one electrode. In 40% of the cases, the K + transients oc curred simultaneously at the two electrode sites, and in the remaining a temporal separation of 20-420 s was ob served. Our data suggest that the majority of the sponta neous depolarizations evoked by focal ischemia are SD like phenomena probably evoked by the high values of [K +]e or glutamate in the ischemic focus, while the rest are elicited by independent foci of low blood flow within the ischemic border areas. Key Words: Experimental stroke-Glutamate-Infarction-Interstitial potassium Neuronal injury-Spreading depression-Stroke.
tively slow speed of -3 mm/min, accompanied by marked changes in interstitial ion concentrations and a characteristic deflection of the direct current (DC) potential (Bures et aI., 1974) . SD is a fully reversible process in the normal brain and does not cause neuronal damage (Nedergaard and Hansen, 1988) .
We have previously shown the presence of SD like depolarizations in the ipsilateral cortex within the first few hours after occlusion of the middle cerebral artery (MCA) in rats (Nedergaard and As tmp, 1986) . The most likely source of depolariza tion is the evolving infarct characterized by persis tent elevated levels of interstitial K + ([K +]e) and glutamate (Hansen and Nedergaard, 1988; Hillered et aI., 1989) . However, intermittent decreases of the local blood flow in the poorly perfused border zones may also cause local neuronal depolarization.
To identify the mechanism(s) that triggers the spontaneous waves of depolarizations, K + sensitive microelectrodes were inserted into the cortex in the border zone of the ischemic focus. We took advantage of the fact that during SD, [K +]e sharply rises, while an early slow increase in [K +]e is followed by an abrupt increase in ischemic depo larization (ID) (Hansen, 1978; Hansen and Zeuthen, 1981) . We found that the [K +]e transients indeed can originate from local ischemic foci outside the infarct, but once the transients are elicited, they inevitably spread to the rest of the ischemic hemi sphere.
These repetitive neuronal depolarizations may be of considerable interest, since a reduction in the number of spontaneous waves of depolarizations decreases ischemic tissue damage in the same area (Nedergaard and Astrup, 1986; Gill et aI., 1992; Ii jima et al., 1992) .
MATERIALS AND METHODS

Animals
All experiments were performed on male Wistar rats, weighing 330-360 g (Patmm's Avlslaboratorium, Copen hagen, Denmark). The animals were fasted overnight be fore surgery, with free access to tap water.
Microelectrodes
Double-barrelled glass electrodes having a tip diameter of 2-4 fLm and using Corning 477317 as K + exchanger were made and employed according to Hansen (1978) . The animals were connected to ground via a glass tube filled with 1 M KCl, solidified in agar, and placed in the neck musculature. The electrodes were calibrated prior to experiments in solutions in which the sum of K + and Na + was constant to mimic the events in vivo. The con centration range was as follows [K + /Na + (mM)]: 2/150, 4/150,8/150, 16/140,32/120,64/100, and 100/50 . This way of calibrating the electrodes takes possible Na + interfer ence into account. The potassium electrodes were recal ibrated hourly during the experiments, as well as at the end of each experiment.
Experimental procedure
The rats were anesthetized with pentobarbital (50 mg/ kg body wt i.p.). Polyethylene catheters were placed in the tail artery for recording of blood pressure and in a tail vein for infusions. Supplemental pentobarbital doses of 15 mg/kg were administered hourly. Rectal temperature was kept close to 37°C by means of a thermostatically controlled heating lamp. Brain temperature was not fol lowed in this study as mechanical stimulation of the brain surface might elicit SD. Blood gases, blood pH, blood glucose, and MABP were monitored regularly throughout the operation. Experiments were completed only if these physiological variables remained within normal limits. The normal limits of MABP were set at 90-130 mm Hg; Pco2, 30-50 mm Hg; Po2, 100-150 mm Hg; arterial blood glucose, 6-10 mM; and arterial blood pH, 7.25-7.45.
Surgical procedure
Two burr holes were made in the right parietal bone for insertion of the microelectrodes. The animals underwent subtemporal craniotomy and exposure of the right MCA. A 10-0 suture was placed around the MCA just before the origin of the most lateral lenticulostriate arteries, as de scribed by Tamura et al. (1981a) . The spontaneously breathing animals were then placed in a stereotaxic head holder. One K + -sensitive electrode was lowered by a mo tor-driven micromanipulator to a depth of 400 fLm below the cortical surface. The electrode was positioned 2.0 mm anterior and 2.5 mm lateral to bregma. This corresponds to the border zone of the tissue infarct caused by MCA occlusion (Nedergaard, 1988) . In 12 of 18 experiments, an additional electrode was positioned 400 fLm below the surface by a hand-controlled micromanipulator at a vari able distance (1-7 mm) and position in relation to the first electrodes. The exposed brain tissue was kept moist with 0.9% NaCI. The right MCA was occluded during contin uous recording of interstitial potassium by ligating the suture earlier placed around the artery. After 1/2-2 h of recording, the animals were killed by an intravenous in jection of saturated KCl.
Statistical analysis
All data are presented as means ± SD. Analysis of variance was used to compare the means across the groups, whereas Scheffe's F test was used to determine which groups differed significantly from one another.
RESULTS
Initial [K+]e increase after MeA occlusion
Resting [K +]e was 3.2 ± 0.4 mM (n = 16; initial values of [K +]e from two experiments were not in cluded due to electrode drift). Occlusion of the right MeA resulted in a large increase in [K +]e in all animals as measured by an electrode positioned in the border zone of the MeA territory (Nedergaard, 1988) . In 5 of 16 experiments, the changes in [K +]e followed those of classic ID. The lag time between MeA occlusion and this pattern of [K +]e increase was 2.5 ± 0. 3 min (range 2.0-3.0 min). In the re maining 11 animals, [K +]e increased steeply as dur ing SD (Figs. 1 and 2). The lag time between MeA occlusion and SD-like increment in [K +]e was longer than the lag time preceding ID-like transients (5. 1 ± 3.5 min, range 1.5-13 min), but the values were not significantly different. The tendency for a shorter lag time preceding ID-like transients may indicate that the depolarization is triggered locally, whereas the longer lag time before SD-like tran sients may reflect that the wave is traveling from the depolarization source to the electrode site. MCA occlusion (three of these had an ischemic con figuration and one was SD-like). Nineteen of the 63 transients were ID-like. The period during which [K +]e rose from resting levels to maximum l�s:ed 104 ± 19 s (range 45-180 s) ( Table 1 ). The remammg 44 transients exhibited a steep increase in [K +]e characteristic of SD. The duration of [K +]e increase from resting to maximal levels was 7.6 ± 1.5 s (range 4-15 s) or highly significantly different from the duration of the same period in ischemia-induced depolarizations (p < 0. 000 1). Unexpectedly, the du ration of the transients also varied as a function of the pattern of K + increment: ID-like transients lasted an average of 10.7 ± 5.1 min, while the du ration of SD-like transients averaged 5.7 ± 3. 4 min. This difference in the duration of ID-and SD generated transients was significant at p < 0.03. [K +] increased to an average of 58.5 ± 10. 1 mM durin� the [K +]e transients. The maximal increase in [K +]e did not differ between the two patterns of depolarization (Table 1) Values are means ± SD. Initial depolarization not included. Ie, ischemia-like depolarization; SD, spreading depression-like depolarization.
Spontaneous increases in [K+]e
Analysis of variance and Scheffe's F test were used: ap < 0. 0001; b p < 0. 03. after which [K +]e levels steeply rose to 50-60 mM (Fig. 2) .
Dual detection of transient [K +]e increases
In 12 of 18 animals, dual recordings were per formed. One electrode was inserted in the same po sition as described before, whereas the second elec trode was placed at various distances from the first electrode (1-7 mm), but within the MCA territory. Also, the position of the second electrode was var ied to include anterior (three), posterior (four), me dial (two), and lateral (three) directions relative to the first electrode. A total of 42 pairs of transients were observed in these experiments (excluding the initial depolarization). Importantly, a transient in crease in [K +]e at one electrode was always accom panied by an [K +]e increase at the other electrode. In 17 of the 42 cases, the increase in [K +]e occurred simultaneously at the two electrode sites. In the remaining 25 cases, there was a lag time between the [K +]e transients. This lag time averaged 70 ± 43 s (n = 25), with a range of 20 s to 7 min. No elec trode site showed consistently earlier depolariza tion than the other.
No consistent pattern of increase in [K +]e was observed at the two electrodes. The transient in crease in [K +]e could have an ischemic configura tion at one electrode site and a SD configuration at the other electrode site, and then change configura tion at both during the next transient. Of the 42 events measured with dual [K +]e electrodes, 24 consisted of SD-like depolarizations and 10 of ID like transients, and in 8 episodes, an ID-like tran sient was accompanied by a SD-like depolarization at the other electrode. Also, the lag time varied: A I-min duration between increases in [K +]e could be followed by a simultaneous increase in [K +]e in the same animal.
In many experiments, [K +]e slowly fluctuated between 3 and 10 mM. These slow increases in [K +] did not always spread to the other electrode ( These data suggest that the [K +]e transients may be elicited within ischemic foci of the peri infarct zone, and that these foci of ID may yield transients that once generated, can spread to the rest of the hemisphere.
DC potential versus [K+]e measurements DC potential was recorded simultaneously with [K +]e in all experiments. DC potential is considered a reliable measure of tissue depolarization. How ever, we compared the duration of the spontaneous transient elevation in [K +]e to the transient deflec tions in DC potential. [K +]e of ;?!6 mM was defined as elevated, whereas as DC potential decrease of ;?!2 m V from baseline was considered a significant deflection. The mean time of spontaneous transient increases in [K +]e was 6.6 ± 3. 1 min, whereas the mean time of spontaneous deflection in DC poten tial was 2.8 ± 1.9 min. These values differed signif icantly from each other (p < 0.03), indicating that the DC potential normalized faster than [K +]e dur ing the transient depolarizations.
[K + Je in ischemic core
In five experiments, the electrode was lowered into the lateral neostriatum, the effective core of ischemia, 1 h after MCA occlusion. [K +]e was 73 ± 9.2 mM in this area of severe ischemia. This level of increase in [K +]e was significantly higher (p > 0.05) than that observed in viable tissue during the [K +]e transients (58.5 ± 10.1 mM; see above).
[K+]e in opposite hemisphere [K +]e in the neocortex opposite to MCA occlu sion (left hemisphere) was measured in two ani mals. No transient increases in [K +]e were ob-served in these animals: [K +]e remained at resting level throughout the course of the experiment in the nonischemic hemisphere, while transient increases in [K +]e were detected simultaneously in the isch emic hemisphere. Thus, the transient increases in [K +]e do not spread from one hemisphere to the next. This observation is in accordance with earlier reports showing that waves of SD do not cross from one hemisphere to the other.
Terminal depolarization
Cardiac arrest was induced at the end of the ex periments by an intravenous injection of 2 ml satu rated KCl. After a lag time of 2.2 ± 1.6 min, [K +]e increased to 73 ± 8.9 (n = 14). This level of [K +]e is also significantly higher than that observed during the transient increases in [K +]e (p > 0.03). The changes in [K +]e followed in all cases the pattern of classic ID (Vyskocil et aI., 1972; Hansen, 1978; Hansen and Zeuthen, 1981) . 
Cortical blood flow and pathology of acute infarcts
An essential feature of focal ischemia is the local reduction of CBF. In rats, a core of very low CBF ( < 10% of control) involving the lateral part of the neostriatum and the adjacent inferior parietal cortex is produced by MCA occlusion (Tamura et ai., 1981b; Nedergaard et ai., 1987) . This ischemic fo cus is surrounded by a narrow zone, 100-300 f.Lm wide, across which local CBF increases steeply (3to lO-fold). The adjacent frontoparietooccipital cor tex (the region in which K + was measured in this study) has an inhomogeneous flow reduction to 20-40% of control values. The pial collateral supply supports some degree of perfusion of the superficial cortical laminae, so that local CBF is generally higher in the upper cortical layers than in deeper parts of the cortex (Tamura et ai., 198 1b; Bolander et ai., 1989) .
Ischemic infarcts are sharply demarcated: The transitional zone between the cortical infarct and its surroundings is frequently < 100 f.Lm in thickness (Nedergaard, 1987) . The adjacent frontoparietooc cipital cortex is structurally preserved, however, exhibiting only selective and dispersed neuronal in jury. All cortical layers are affected near the infarct margin, but at a distance of > 1 mm, necrotic neu rons are located exclusively in cortical layers 2 and 3 (Nedergaard, 1987; Iizuka et ai., 1989) . This dis tribution of injury is surprising for two reasons: First, following MCA occlusion, local CBF is better preserved in the upper cortical layers than in the deeper laminae, as noted. Second, the upper corti cal layers are preserved in the setting of global ce rebral ischemia, which affects the middle and lower cortical layers (Smith et ai., 1984; Nedergaard, 1988) . To account for this distinct distribution of damage in focal ischemia, the occurrence of SD may be particularly relevant.
Type of cortical depolarizations
During ischemia, [K +]e increases from the rest ing level of 3 mM to � 10 mM in a few minutes (Bures and Buresovo, 1957; Hansen, 1985) . The du ration is governed by the preischemic metabolic rate of the brain (Astrup et ai., 1980) and by the glucose stores in the cerebral tissue (Hansen, 1978) . Thereafter, a rapid increase in [K +]e' from 10 to 60 mM, occurs within seconds. These changes are fully reversible if the blood supply is reinstituted (Hansen, 1985) . In contrast to this biphasic incre ment, SD displays an abrupt, monotonic increase in [K +]e from 3 to 60 mM within seconds, and this [K +]e increase normalizes spontaneously (Hansen, 1985) . We detected in this study of focal ischemia both types of depolarization in the same animals J Cereb Blood Flow Metab. Vol. 13, No.4, 1993 occurring in an apparently random pattern. The variability may be explained by two interconnected factors: individual differences in the vascular terri tory served by a given MCA, as well as transient fluctuations in local blood flow. In some rats the [K +]e remained elevated probably because the elec trode was situated in the ischemic core. Other rats displayed the ischemic [K +]e increase followed by a slow normalization of [K + ]e' indicating that the lo cal perfusion increased but that energy metabolism still was severely compromised. The abrupt [K +]e increase observed in the second pattern of depolar ization is likely to indicate that the tissue is invaded by waves of SD elicited elsewhere or that the tissue depolarizes spontaneously due to local reduction of glucose content: Depolarizations evoked by hypo glycemia are abrupt, with a pattern of [K +]e in crease similar to SD-evoked depolarization (Astrup and Norberg, 1976) . This type of depolarization had a faster rate of [K +]e normalization than after ID, but significantly slower than after an episode of SD in normal brain tissue (Hansen and Zeuthen, 198 1) . This demonstrates that the ability to trans port ions also in SD-like depolarization is compro mised locally. Our dual-electrode recordings showed that a depolarization recorded at one elec trode eventually led to a depolarization at the other electrode. The depolarizations occurred either si multaneously at the two electrode sites or with a temporal separation lasting 20 s to 7 min. The ob servation that the [K +]e transients were recorded simultaneously suggests that a large region of the cerebral cortex undergoes simultaneous depo larization or that the eliciting focus is situated sym metrically between the two recording sites. The fact that the temporal separation of the depolarizations recorded by two electrodes was not constant sug gests that the events were elicited at different loca tions.
The subnormal rate of [K +]e normalization, 4-12 min as compared with 1-2 min, when SD is elicited in the normal brain (Hansen and Zeuthen, 198 1) is likely to reflect impaired ion transport capacity caused by a reduced rate of A TP generation in the periinfarct zone (N edergaard and Astrup, 1986) . Tissue glucose and ATP content are both reduced by �20-30% in the same region in comparable mod els of focal ischemia (Folbergrova et ai., 1992) . Gly copenia may emerge locally in the cortical border areas and the threshold for elicitation of SD is ac cordingly reduced, so that otherwise subthreshold events will cause its release and slow the normal ization of the ion perturbation produced by the SD (Bures et ai., 1974; Kraig and Chesler, 1987) . More over, it has recently been shown that the duration of SD is increased by decreasing plasma glucose levels (Gido et aI., 1992) .
Role of depolarization in tissue damage
SD is a fully reversible process in the normal brain. Its ionic changes have returned to normal within a few minutes (Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981) , and repetitive elicita tion of SDs for several hours is not associated with any sign of irreversible damage (Nedergaard and Hansen, 1988 ). However, one episode of SD in duces a significant lowering of glucose content in the tissue, probably due to the ensuing increased activity of the ion pumps (Mutch and Hansen, 1984) . It is conceivable that SD-like depolarization as well as other types of depolarization might pro duce neuronal damage in the cortical region with a reduced blood supply by exhausting the local en ergy stores by the increased demands on energy metabolism. Tissue glucose content is reduced lo cally in the cortical infarct border, which may ren der the tissue more susceptible to the elicitation of SD (Bures and Buresova, 1960) and, once the SD is elicited, retard the normalization of the ion pertur bations (Bures et aI., 1974; Kraig and Chesler, 1987; Gido et aI., 1992) . In this context, it is important that insulin-induced hypoglycemia causes neuronal damage restricted to layers 2 and 3 of the cortex (Auer et aI., 1985) and that this condition is accom panied by an SD-like depolarization of the brain cortex (Astrup and Norberg, 1976; Wieloch et aI., 1984) . The facts that hypoglycemia also only par tially impairs ATP generation and that interstitial pH is not lowered during even severe hypoglycemia might explain the similarities in distribution of dam age of the two insults. Thus, we hypothesize that it is not reduced flow per se, but the repeated collapse of ionic gradients and concomitant glutamate re lease (Van Harreveld and Fifkova, 1970) that, in the setting of impaired ATP generation, initiate the pro cesses leading to selective neuronal injury in the periinfarct zone. In this regard, the pHe reduction to 6.7 in the ischemic border zone (N edergaard et aI., 1991a) is not sufficient to cause irreversible neuro nal damage or to inhibit the N-methyl-D-aspartate receptor-mediated currents (Giffard et aI., 1990; Nedergaard et aI., 1991b; Nedergaard and Gold man, 1992) .
Thus, tissue with normal perfusion is able to cope with SD without sequelae. However, neuronal dam age might be induced in tissue with low blood flow and reduced energy metabolism. Indeed, we have earlier manipulated the frequency of the spontane ous SDs by altering plasma glucose: Preischemic hyperglycemia decreased the number of spontane-ous depolarizations significantly and, at the same time, nearly completely protected against neuronal injury in the infarct border (Nedergaard and Astrup, 1986) . Recent studies have added further evidence supporting a decrease of the ischemic lesion by in hibition of the number of SDs: Administration of the noncompetitive N-methyl-D-aspartate antago nist MK-801, after MCA occlusion, yielded a sig nificant reduction in the number of waves of SD as well as a significant reduction in the volume of in farction (Gill et aI., 1992; Iijima et aI., 1992) . MK-801 blocks both the elicitation and the propagation of SD, whereas ID is not affected by MK-801 (Gor oleva et aI., 1987; Hansen et aI., 1988) . It is possible that the spontaneous K + transients remaining after MK-801 administration reflected ongoing local ID, which continued unabated by the treatment. Thus, the repeated waves of depolarization not only might cause selective neuronal injury in the cortical isch emic penumbra, but might also influence the actual volume of infarction.
